The transgenic technique in Xenopus allows one to misexpress genes in a temporally and spatially controlled manner. However, this system suffers from two experimental limitations. First, the restriction enzyme-mediated integration procedure relies on chromosomal damage, resulting in a percentage of embryos failing to develop normally. Second, every transgenic embryo has unique sites of integration and unique transgene copy number, resulting in variable transgene expression levels and variable phenotypes. For these reasons, we have adapted the Gal4-UAS method for targeted gene expression to Xenopus. This technique relies on the generation of transgenic lines that carry ''activator'' or ''effector'' constructs. Activator lines express the yeast transcription factor, Gal4, under the control of a desired promoter, whereas effector lines contain DNA-binding motifs for Gal4-(UAS) linked to the gene of interest. We show that on intercrossing of these lines, the effector gene is transcribed in the temporal and spatial manner of the activator's promoter. Furthermore, we use the Gal4-UAS system to misexpress Xvent-2, a transcriptional target of bone morphogenetic protein 4 (BMP4) signaling during early embryogenesis. Embryos inheriting both the Gal4 activator and Xvent-2 effector transgenes display a consistent microcephalic phenotype. Finally, we exploit this system to characterize the neural and mesodermal defects obtained from early misexpression of Xvent-2. These results emphasize the potential of this system for the controlled analyses of gene function in Xenopus.
T
he Gal4-UAS binary system has become the system of choice for targeted misexpression experiments in Drosophila (1) (2) (3) . This system has also been adapted for misesxpression studies in other organisms, such as zebrafish and mouse (4-7). We reasoned that the same system would be beneficial for studying gene function in Xenopus, as it would overcome a number of the limitations of the transgenic and mRNA misexpression strategies currently being utilized. Here we show that the Gal4-UAS binary system is applicable to Xenopus. Furthermore, we use this system to characterize the neural and mesodermal defects caused by early misexpression of Xvent-2, a transcriptional target of bone morphogenetic protein 4 (BMP4) signaling.
Materials and Methods
Generation of Transgenic Lines. Generation of transgenic Xenopus laevis embryos was carried out essentially according to Kroll and Amaya (8) . In each reaction, 100 ng of linearized DNA (100 ng) was used.
In Situ Hybridization and Antibody Staining. In situ hybridization was performed following the protocol of Harland (9) . Whole-mount immunocytochemistry with monoclonal antibody MZ15 specific for notochord (10) was performed as described (11) .
Probes were generated from the following plasmids, after linearization with the indicated restriction enzymes and transcribed with the indicated RNA polymerase: CSGFP3 ( PCR Analysis of Genomic DNA. Genomic DNA was extracted from individual embryos collected at stage 35, by proteinase K treatment. PCR was performed as follows: 94°C for 2 min, 94°C for 30 s, 57-59°C for 30 s, 72°C for 1 min (for 30 cycles), and 72°C for 10 min. PCR products were run on a 1% agarose gel with ethidium bromide and visualized and photographed under UV illumination. Primers used were as follows: Gal4, 5Ј-GCTGTCTCAATGTTAGAGGC-3Ј; UAS, 5Ј-CAAGCGCAGCTGAACAAG-3Ј; Xvent-2, 5Ј-GTCTCCAGGGGTTGAGGTATTAA-3Ј; and Pax-6, 5Ј-CAAACCAGTGAACCAATG-3Ј.
mRNA Synthesis and Embryo Microinjection. After fertilization, embryos at the two-cell stage were transferred to 1% agarose dishes containing 1ϫ MMR with 6% Ficoll. mRNA (100 pg) was injected into the marginal zone of one cell of two-cell stage embryos. Gal4 mRNA was prepared in vitro by using the SP6 Ambion mMessage mMachine in vitro transcription kit, after linearization of CsGal4(KH) with NotI.
Results and Discussion
To adapt the Gal4-UAS system to Xenopus, we first generated stable transgenic lines containing ''activator'' and ''effector'' constructs (Fig. 1a) . Activator constructs contained the yeast transcriptional activator Gal4 under the control of the strong ubiquitous simian cytomegalovirus promoter (18) (CMVGal4) or the tissue specific Pax-6 promoter (Pax-6Gal4; ref. 19) . Effector constructs contained the five tandem repeats of the Gal4-binding motif (UAS) along with the hsp70 minimal promoter, from pUAST (gift from A. Brand; ref.
2), linked to green fluorescent protein (UASGFP) or Xvent-2 (UASXvent-2).
On reaching maturity, founders containing effector constructs were tested for germ-line transmission of the transgene and for responsiveness to Gal4. Gal4 mRNA (100 pg) was injected into one cell of two-cell stage F 1 embryos generated after a mating between the UASGFP lines and wild-type frogs. Transactivation of the effector gene, GFP, was observed by fluorescence microscopy in 50% to 75% of resulting embryos at late-neurula stages in four of five lines containing UASGFP (Fig. 1b) . In the absence of Gal4 RNA injection, none of the embryos expressed GFP, suggesting that the UASGFP transgene remains transcriptionally silent, unless transactivated specifically by Gal4.
We next tested whether transactivation by Gal4 could be accomplished in a temporally and spatially controlled fashion on cross-fertilization of effector lines with lines containing activator constructs expressing Gal4. We observed ubiquitous GFP expression in 28% and 31% of F 1 embryos resulting from matings between two independent UASGFP female founder frogs (lines 6 and 9) and a CMVGal4 male frog (CMVGal4 line1), respectively ( Fig. 2 e and g ). GFP fluorescence was observed from mid-late neurula stages, suggesting a slight time delay between the accumulation of Gal4 protein and its transactivation of GFP.
Moreover, tissue-specific expression of GFP was obtained in 51.5% of F 1 embryos from a cross between a female Pax6Gal4 founder (line 2) (carrying two separate transgene integrations) and a male transgenic for UASGFP (line 2; also carrying two separate transgene integrations; Fig. 2 a-c). GFP fluorescence was observed at stage 25, predominately in the eye primordia ( Fig. 2a) , whereas GFP mRNA was detected at stage 20 by in situ hybridization in the eye field and regions fated to become hindbrain and spinal cord (Fig. 2b) . Importantly, the activation of GFP RNA correlated with the expression of Gal4 RNA as observed by in situ hybridization to F 1 embryos from the same mating ( Fig. 2 b and c) and with the expression of GFP in embryos transgenic for the Pax-6 promoter driving GFP (Fig.  2d) . Therefore we can conclude that the Gal4 system is applicable to Xenopus, resulting in spatially and temporally controlled activation of the marker gene GFP.
To test the utility of these transgenic activator lines for the study of gene function during Xenopus development, we asked whether we could regulate the expression of a developmentally important gene by means of Gal4 transactivation in the frog. For these investigations, we chose the ventralizing homeobox gene, Xvent-2, a direct downstream target of BMP signaling, otherwise known as Vox, Xom, and Xbr-1 (20 -24) . We crossed the CMVGal4 male with a female containing the responsive transgene, UASXvent-2 (line 5). Until the early tailbud stages, there was no discernible phenotype in the embryos. However, by stage 23, 156 of 667 (23%) embryos developed a striking and consistent phenotype, a failure of the head to form. By stage 30, this microcephalic phenotype was clearly distinguishable from the normally developing sibling embryos (Fig. 3a) and mimicked the predicted phenotype obtained by the overexpression of Xvent-2 by mRNA injection into the two-to four-cell-stage embryo (20 -22) . To confirm that the microcephalic phenotype resulted from the transactivation of Xvent-2 by Gal4, genomic DNA from six embryos exhibiting this phenotype was individually extracted, and PCR analysis was carried out to determine whether each embryo carried the parental transgenes. For comparison, the genomic DNA from six phenotypically normal sibling embryos was also extracted and tested by PCR to determine whether they had inherited the transgenes. All six embryos with the microcephalic phenotype carried the activator, CMVGal4, and effector, UASXvent-2 transgenes (Fig. 3a, lanes 1-6) , whereas none of the phenotypically normal sibling embryos inherited both the maternal and paternal transgenes (Fig. 3a, lanes 7-12) .
Additional crosses between the male Pax-6Gal4 (line 1) and two further responsive lines containing UASXvent-2 (lines 4 and 6) revealed strikingly similar and consistent results to those obtained above. In the first cross, 16% (10 of 62) of the F 1 embryos exhibited severe ventralization or ''bauchstuck'' phenotype by stage 28 (Fig. 3b) . The dorsal axis of the embryos involved was shortened and all head structures were absent. Again PCR analysis revealed that every severely ventralized embryo contained both activator, Pax-6Gal4, and effector, UASXvent-2, transgenes (Fig. 3b, lanes 1-6) , whereas none of the normal siblings tested had inherited both parental transgenes (Fig. 3b, lanes 7-12) . A second cross also revealed a microcephalic phenotype in 13% (52 of 406) of the F 1 progeny (Fig. 3c) which again absolutely correlated with the presence of both transgenes (Fig. 3c, lanes 1-5 vs. 6 -10) . Therefore, we can conclude that, in three independent crosses, the phenotype is a result of the overexpression of the effector gene, Xvent-2, by means of transactivation by Gal4. It was, however, surprising that the phenotypes of activating Xvent-2 with the ubiquitous activator CMVGal4 or by a tissue-specific activator Pax6Gal4 were broadly similar. To investigate the underlying cause of this result, we performed in situ hybridizations to Gal4 mRNA in gastrula stage embryos. Unexpectedly, this Pax- 6Gal4 line was found to have an early ubiquitous burst of Gal4 expression at around stage 10 ( Fig. 3d) , which would explain the similarity in the observed phenotypes. Indeed, when this Pax-6Gal4 male was crossed with the GUASGFP female lines 6 and 9, the progeny inheriting both transgenes expressed GFP ubiquitously. As mentioned before, our other Pax-6Gal4 line expressed Gal-4 in a pattern more reminiscent of the endogenous Pax-6 expression pattern. However, because this founder animal was female, we were unable to cross this line with the GUASXvent2 founders, which were also female. The difference in expression between the two Pax6-Gal4 founder animals is probably caused by the positional effect of the transgene, and emphasizes the need to screen through both activator and effector lines for correct expression and response. In addition it is also interesting to note that the two different UASXvent-2 lines resulted in a consistent phenotype within each mating but of differing severity between crosses. We have also recorded similar variations on crossing different GFP effector lines to the same activator line (data not shown) and surmise that effector lines vary in their response to Gal4 by transactivating the responsive gene to various degrees.
We decided to extend our understanding of the microcephalic phenotype resulting from the cross between the CMVGal4 male and a UASXvent-2 female line 5. Xvent-2 is an immediate early target of BMP signaling (20, 22, 24) , which is thought to act as a transcriptional repressor to ventralize mesoderm and inhibit neural differentiation (20-22, 25, 26) . The loss of the most dorsal mesoderm, the notochord, has been noted, but the extent of neural defects has not been extensively catalogued.
The phenotype obtained in our Gal4 crosses suggested that Xvent-2 appeared to selectively inhibit anterior structures, a phenotype similar to the one observed when BMP4 is misexpressed in the anterior neural plate after gastrulation (19) . In situ hybridization to a range of neural markers showed that the structures of the forebrain, midbrain, and retinal markers are missing, up to and including the midbrain-hindbrain border (Fig. 4 a-d) . In contrast, the dorsal hindbrain and spinal cord marker, Pax-3, was expressed, suggesting that the posterior neural tube can be induced in embryos ectopically expressing Xvent-2 ( Fig. 4 e and f ) . One potential model that may account for the loss of dorso-anterior structures in embryos ectopically expressing Xvent-2 is that Xvent-2 functions to temporarily inhibit the Spemann organizer. Indeed, Xvent-2 has been shown to repress the organizer genes goosecoid and chordin (26, 27) , whereas in the chick the expression of Pax-3, is induced by late-stage chick Henson node and not early-stage nodes (28) .
Sectional analysis of embryos stained for Pax-3 showed that the expression domain of this dorsal neural tube marker is expanded ventrally in the spinal cord of embryos exhibiting the microcephalic phenotype (Fig. 4g) . The expansion of Pax-3 could be the direct result of the ectopic expression of Xvent-2 in the neural structures of these embryos, as the expression of Pax-3 in the dorsal neural tube is maintained by BMP signaling and Xvent-2 is normally expressed in the dorsal neural tube. Thus, it is possible that Xvent-2 is the BMP-responsive gene that acts to maintain expression of Pax-3 in this region and that the ectopic expression of Xvent-2 causes a similar upregulation of Pax-3 in the ventral neural tube. However, we also noted that the microcephalic embryos lack notochord tissue (Fig. 4h) . Therefore, the ventralization of the neural tube could be caused by the loss of notochord, which normally produces signals, such as sonic hedgehog, that ventralize the neural tube (29 -32) .
Finally, the embryos were analyzed for the appearance of somitic tissue with the marker cardiac actin (Fig. 4 i and j) . Both microcephalic and wild-type embryos stained strongly for this marker. However, analysis of sections revealed that the somites of the microcephalic embryos were fused in the midline underlying the neural tube (Fig. 4j Right) , whereas in wild-type embryos, the somites form two separate blocks on either side of the neural tube and notochord (Fig. 4j Left) .
Together these data show that the Gal4-UAS system can transactivate the expression of a responsive gene in a temporally and spatially restricted manner during Xenopus embryogenesis. As with other organisms where the Gal4 system has been applied, we have found that it is essential to screen through activator and effector lines to find the experimentally appropriate expression profiles. Variations in expression of Gal4 occur between activator lines containing the same construct as well as variations in the response to Gal4 by effector lines. These differences are most likely to be caused by the effect of the site of integration on the transgene, variations in copy number of transgenes between lines, or partial deletions of the transgene. However, once the lines are identified, these can be bred to homozygosity and utilized in potentially endless combinations of crosses to activate genes at specific locations. We particularly advocate this system for gain-of-function experiments, as exemplified by the Xvent-2 misexpression studies presented here. However, we would be cautious about suggesting using the Gal4 system for dominant-negative experiments, which require massive overexpression, as we have found it difficult to achieve the high levels of expression required for such studies.
Perhaps the most attractive advantage of this method is that it is possible to generate hundreds of embryos, expressing a gene of interest in controlled domains of space and time after a simple cross-fertilization of appropriate transgenic lines. As indicated here, the phenotypes arising from these crosses are strikingly consistent, as every resulting experimental embryo has the same number of copies of each transgene, at the same site of integration. Hence, any phenotype observed is the result of the expression of the gene of interest. With the future generation of a range of tissue-specific promoters, this system will be of great benefit for the study of gene function at late stages in development.
